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We show that the antiferromagnetic state commonly observed in the phase diagrams of the iron-
based superconductors necessarily triggers loop currents characterized by charge transfer between
different Fe 3d orbitals. This effect is rooted on the glide-plane symmetry of these materials and
on the existence of an atomic spin-orbit coupling that couples states at the X and Y points of the
1-Fe Brillouin zone. In the particular case in which the magnetic moments are aligned parallel to
the magnetic ordering vector direction which is the moment configuration most commonly found
in the iron-based superconductors these loop currents involve the dxy orbital and either the dyz
orbital (if the moments point along the y axis) or the dxz orbitals (if the moments point along the
x axis). We show that the two main manifestations of the orbital loop currents are the emergence
of magnetic moments in the pnictide/chalcogen site and an orbital-selective band splitting in the
magnetically ordered state, both of which could be detected experimentally. Our results highlight the
unique intertwining between orbital and spin degrees of freedom in the iron-based superconductors,
and reveal the emergence of an unusual correlated phase that may impact the normal state and
superconducting properties of these materials.
I. INTRODUCTION
One of the hallmarks of the iron-based superconduc-
tors is the close interplay between magnetic and orbital
degrees of freedom. Magnetic order is often observed in
the phase diagrams of these materials, and is character-
ized by the ordering vectors Q1 = (pi, 0) and Q2 = (0, pi)
of the unfolded 1-Fe Brillouin zone [1–3]. While in most
cases the magnetic ground state corresponds to spin
stripes with either one of these two ordering vectors [4],
several hole-doped systems display double-Q magnetic
order consisting of a linear combination of the two possi-
ble types of order [5–8]. Orbital order is also found in the
phase diagram below the nematic transition temperature,
and is characterized by an unequal occupation between
the Fe dxz and dyz orbitals, which breaks the tetrago-
nal symmetry of the system [9–11]. At least in the iron
pnictides, the evidence points to a magnetic origin of this
orbital order [12], unveiling the close interaction between
these two distinct degrees of freedom.
Microscopically, this interaction is described by the
atomic spin-orbit coupling (SOC), given by the term
λS · L. ARPES measurements have established that the
magnitude of the SOC λ ranges from around 10 meV in
the 122-compounds up to 25 meV in the 11-compounds
[13]. Such an energy scale is comparable to the band
splitting caused by orbital order, to the superconducting
gap, and to the spin-density wave gap. Therefore, the
SOC is an integral and necessary ingredient in the de-
scription of the low-energy properties of the iron-based
superconductors [14]. Besides the coupling between spin-
driven nematicity and orbital order discussed above, SOC
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also selects the magnetic moment direction in the stripe
phase to be generally parallel to the ordering vector
[15, 16].
In this work, we demonstrate another important conse-
quence of the SOC, which has hitherto been unexplored.
In particular, we show that long-range spin order neces-
sarily generates loop currents in which charge is trans-
ferred between Fe orbitals at different sites, hence the
name orbital loop currents. Although in this paper we
focus on the case of stripe spin magnetic order, the ef-
fect is general and should be present even in double-Q
magnetically ordered states, as well as independent of the
specific microscopic mechanism for magnetism, e.g., itin-
erant or localized magnetic moments, since it is solely
based on symmetry. The qualitative argument for this
effect is general, and can be outlined as follows. To
keep the notation simple, let us introduce the intraor-
bital stripe magnetic order parameter m with ordering
vector Qi and the interorbital imaginary charge-density
wave φ with ordering vector Qj . Note that both orders
break translational and tetragonal symmetries, as well
as time-reversal symmetry. Because the latter is broken
in spin space by m and in real space by φ, only SOC
can couple both order parameters. In terms of a general
Ginzburg-Landau free-energy expansion, one expects the
following bilinear coupling:
δF = g(λ)φm, (1)
where the coupling constant g(λ) depends on the strength
of SOC λ such that g (λ = 0) = 0. At first sight, one
may think that this coupling is only allowed if Qj = Qi
due to momentum conservation. However, a key prop-
erty of the iron-based superconductors is the glide plane
symmetry of the FeAs plane [17–20], which doubles the
size of the unit cell to one containing 2 Fe atoms, mak-
ing Q1 and Q2 equivalent in the actual crystallographic
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unit cell. Thus, depending on the orbital composition of
φ, magnetic order with ordering vector Q1 will trigger
imaginary charge-density wave with ordering vector Q2.
An alternative way to interpret this coupling is to note
that the SOC λ that couples states at theX and Y points
of the 1-Fe Brillouin zone [14, 15] provide the momentum
transfer Q1 +Q2 required by such a coupling.
An inter-orbital imaginary charge-density wave corre-
sponds to charge currents in real space. The inter-orbital
character of this order implies that charge is transferred
between different orbitals at different sites. Charge con-
servation, however, requires these charge currents to form
closed loops. Thus, hereafter we refer to this type of or-
der as an orbital loop-current order. Note that the loop-
currents discussed here break the translational symmetry
of the lattice by changing sign between neighboring Fe
lattice sites; as a result, they are compatible with Bloch’s
theorem, which prohibits a static current carrying ground
state [21, 22].
Interestingly, a similar type of loop-current order, de-
fined in band basis instead of orbital basis, was intro-
duced by Ref. [23] to explain the tetragonal symmetry
breaking of the iron-based superconductors. Ref. [24]
proposed the existence of an imaginary charge-density
wave based on an enhanced symmetry associated with
nested Fermi pockets. In Ref. [25], the combined ef-
fects of loop current fluctuations and magnetic fluctu-
ations was proposed to enhance the nematic transition
temperature of materials with very small Fermi energies,
such as FeSe. Whether the loop-current order can spon-
taneously order as a primary order, rather than a sec-
ondary order triggered by magnetic order, remains an
open question that is only sharply defined for small λ
anyway. Renormalization group calculations, performed
in the band basis, suggest that onsite repulsive interac-
tions generally select magnetic order over loop-current
order [26]. We also note that loop-current order has also
been investigated in cuprate superconductors, either as
a Q = 0 intra unit-cell order involving the Cu and the
O orbitals [27], or as a translational symmetry-breaking
order also known as d-density wave [28]. Note that, in
our case, the loop-current order is necessarily accompa-
nied by magnetic order, and it also breaks the tetragonal
symmetry of the lattice.
In the remainder of the paper, we derive the results
outlined above from a low-energy microscopic model for
the iron-based superconductors that respect all the crys-
tal symmetries of the FeAs plane – including the glide
plane symmetry [15, 17]. This low-energy model relies
on the smallness of the Fermi energy of these materials
to perform a k · p expansion near high-symmetry points
of the lattice. As a result, only three Fe orbitals are
taken into account, namely the xz, yz, and the xy 3d-
orbitals, since these orbitals are responsible for the band
dispersions in the vicinity of the Fermi surface. Addi-
tional electronic degrees of freedom, such as electronic
states located at the pnictogen/chalcogen lattice sites, or
the two remaining Fe 3d-orbtials, are assumed to be inte-
grated out, thus renormalizing the model’s parameters.
We stress that our main results are general and indepen-
dent of the particular choice of parameters.
Using this model, we derive the different orbital loop
current configurations that are allowed by symmetry and
triggered by the three different types of long-range mag-
netic stripe order, providing explicit expressions for the
coupling constant g(λ) introduced in Eq. (1) above. For
the most experimentally relevant case of stripe order with
magnetic moments pointing parallel to the wave-vectors
Q1 andQ2, we find that the loop currents involve dxy/dyz
and dxy/dxz orbitals, respectively. We also discuss two
manifestations of these orbital loop-current orders, which
can be detected experimentally. The first one is the
magnetization profile induced by the loop currents that
follows from simple electrodynamic considerations. The
main result is the appearance of magnetic moments on
the pnictide/chalcogen sites pointing out of the plane, in
contrast to the magnetic moments on the Fe sites, which
point in the plane. The second manifestation that we dis-
cuss is the spectroscopic signature of the orbital loop cur-
rent order parameter on the electronic spectrum. In the
particular case in which the spins in the magnetic stripe
state point in the plane, we show that the magnetic order
parameter M and the orbital loop current order parame-
ter φ contribute to splittings of different doublets at the
corner of the 2-Fe Brillouin zone. Consequently, we pro-
pose to use ARPES to assess the impact of orbital loop
current order on the normal state electronic spectrum of
the pnictides.
The paper is organized as follows. Section II intro-
duces the microscopic model, whereas Sec. III classifies
the different types of orbital loop current allowed by the
different types of stipe magnetic order. Sec. IV derives
the microscopic coupling between these two types of or-
der, mediated by the SOC, while Sec. V presents the ex-
perimental manifestations of orbital loop-current order.
Conclusions are presented in Sec. VI. To help the reader
navigate the paper, Appendix A describes the various
quantities defined throughout the main text. Appendix B
shows the explicit form of the band dispersions, whereas
Appendix C presents explicit expressions for the vertex
functions needed in the diagrammatic calculations.
II. MICROSCOPIC LOW-ENERGY MODEL
Instead of the full electronic model which requires 10 Fe
orbitals per unit cell (5 per Fe site), we consider a reduced
orbital-projected band model. This electronic model was
derived previously by employing the symmetry properties
of the underlying crystal structure [15] and by expand-
ing the tight binding dispersion of the electronic states
around the high symmetry points of the Brillouin zone
[16]. It therefore represents an effective low-energy model
of electronic states in the vicinity of the Fermi surfaces
located at these high symmetry points. Electronic states
residing on pnictogen/chalcogenide lattice sites are ener-
2
getically well below or above the Fermi surface and are
therefore assumed to effectively renormalize the model’s
parameters. Besides its simplicity, the full symmetry
properties of the non-symmorphic P4/nmm space group
characterizing a single Fe-pnictogen/chalcogen plane are
encoded in this model, including the glide plane symme-
try resulting from the alternate stacking of the pnicto-
gen/chalcogen atoms. For the sake of brevity, we review
here only the aspects of this model necessary for our anal-
ysis. A more detailed derivation of this model can be
found in Refs. [15, 16] or in the review [17].
Before presenting the model, we first comment on the
representation of the electronic states in the 2-Fe and 1-
Fe unit cells to clarify the notation. As discussed above,
the 2-Fe unit cell represents the actual crystallographic
unit cell, with the corresponding 2-Fe Brillouin zone de-
scribed in terms of the real crystal momenta of the elec-
tronic states following Bloch’s theorem. Alternatively,
the electronic states can be represented in the 1-Fe unit
cell in terms of the spatial coordinates x and y connect-
ing nearest-neighbor Fe lattice sites, as well as in the
corresponding 1-Fe Brillouin zone described in terms of
pseudo-crystal momenta kx and ky [19, 29]. For the sake
of simplicity, we will express all states in the 1-Fe Bril-
louin zone notation, highlighting the difference between
real and pseudo-crystal momentum if necessary.
The low-energy electronic model consists of two hole-
like Fermi pockets located at the Γ = (0, 0) point of the
1-Fe Brillouin zone and two electron-like Fermi pockets
located at X = (pi, 0) and Y = (0, pi). Electronic states
around Γ transform as the irreducible Eg representation
of the tetragonal D4h point group [15], forming therefore
an orbital doublet composed of degenerate xz and yz Fe
orbitals (oriented along the Fe-Fe direction). Thus, it is
convenient to introduce the doublet
ψΓ,kσ =
(
dyz,kσ
−dxz,kσ
)
. (2)
Electronic states near the X and Y points form two
electron pockets centered at momenta Q1 = (pi, 0) and
Q2 = (0, pi), composed of yz/xy and xz/xy orbitals, re-
spectively. Thus, we introduce two additional doublets:
ψX,k+Q1σ =
(
dyz,k+Q1σ
dxy,k+Q1σ
)
and (3a)
ψY,k+Q2σ =
(
dxz,k+Q2σ
dxy,k+Q2σ
)
. (3b)
Because of the glide plane symmetry of the system,
which makes the system invariant under a
(
1
2 ,
1
2
)
lattice
translation (in the 2-Fe unit cell) followed by a mirror re-
flection with respect to the plane, the elements of the two
doublets transform according to the two-dimensional ir-
reducible representations (denoted EMi) of the P4/nmm
group at the M = (pi, pi) point of the 2-Fe Brillouin zone.
In particular, the upper components form another dou-
blet that transforms as EM1 whereas the lower compo-
nents form a doublet that transforms as EM3.
The effective tight-binding Hamiltonian in real space
is then given by
H0 =
∑
ijσ
ta,bij
(
d†a,iσdb,jσ + H.c.
)
(4)
with hopping amplitude ta,bij representing the wave func-
tion’s overlap of orbitals a and b at Fe lattice site i and
j. Represented in reciprocal space, the Hamiltonian is
given by
H0 =
∑
kσ
ψ†Γ,kσ
Γ
kψΓ,kσ
+
∑
kσ
ψ†X,k+Q1σ
X
k ψX,k+Q1σ
+
∑
kσ
ψ†Y,k+Q2σ
Y
k ψY,k+Q2σ (5)
where Γ, X and Y are 2× 2 matrices acting in the or-
bital doublet space, whose explicit expressions are given
in Appendix C. Diagonalizing these matrices gives the
corresponding band dispersions of the electronic states.
The atomic spin-orbit coupling, HSOC = λS · L, gives
an additional contribution to the non-interacting Hamil-
tonian [15, 16]:
HSOC = i
λ
2
∑
kαβ
(
d†xz,kασ
z
αβdyz,kβ −H.c.
)
+ i
λ
2
∑
kαβ
(
d†xz,k+Q2ασ
x
αβdxy,k+Q1β −H.c.
)
+ i
λ
2
∑
kαβ
(
d†yz,k+Q1ασ
y
αβdxy,k+Q2β −H.c.
)
(6)
with Pauli matrix σa acting on spin space. The first
term shows that, at the center of the Brillouin zone,
SOC mixes the xz and yz orbitals, lifting the degeneracy
of the orbital doublet. The second term, on the other
hand, couples the electronic states located at the X and
Y points. This term does not violate momentum conser-
vation because the xy orbital has real crystal momentum
k+Qi + (pi, pi) = k+Qi¯ (with 1¯ = 2 and 2¯ = 1) due to
the glide plane symmetry affecting differently even and
odd orbitals [29]. In terms of the doublets introduced
above, the SOC Hamiltonian is given by:
HSOC =
∑
kσ
ψ†Γ,kαΛ
SOC
Γ,αβψΓ,kβ
+
∑
k
(
ψ†X,k+Q1αΛ
SOC
M,αβψY,k+Q2β + H.c.
)
(7)
with the vertices:
ΛSOCΓ = i
λ
2
(
0 −1
1 0
)
σz, (8a)
ΛSOCM = i
λ
2
[(
0 1
0 0
)
σx +
(
0 0
1 0
)
σy
]
. (8b)
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III. CLASSIFICATION OF MAGNETIC AND
ORBITAL LOOP-CURRENT ORDERS
Having established the microscopic model, we now
classify the possible types of stripe spin-density wave
(SDW) order and orbital loop current (OLC) order al-
lowed by the symmetries of the system.
A. Magnetic Order
The SDW order realized in the iron pnictides is
parametrized in terms of magnetic order parametersmQj
associated with each of the two magnetic ordering vec-
tors Q1 = (pi, 0) and Q2 = (0, pi). Generally, these order
parameters are 2× 2 tensors in orbital space and vectors
in spin space. They are defined in terms of the electronic
operators according to (summation over spin indices is
left implicit):
m
(a,b)
Qj
∝
∑
k
〈d†a,kασαβdb,k+Qjβ + H.c.〉 (9)
Table I. Possible intra-orbital spin density-wave and orbital
loop-current orders, classified by the two dimensional irre-
ducible representations EMi :
(
E+Mi, E
−
Mi
)
of the P4/nmm
space group [15]. Also represented in the table are the spin
composition and orbital composition of each order, corre-
sponding to the indices a and b defined in Eqs. 9 and 13.
In the case of SDW order, the orbital composition is intra-
orbital a = b. In the case of orbital loop-current order, the
spin composition is trivial. Due to the trivial transformation
behavior of the free-energy, there is only a bilinear coupling
between spin magnetic and loop current orders that share the
same symmetry properties, i.e., that transform according to
the same irreducible representations. Here, fields listed in the
same line can couple bilinearly in the free-energy expansion.
intra-orbital
spin order
orbital loop
current order
irrep of
P4/nmm
space group
field orbital
and spin
comp.
field orbital
composition
(
E+M1
E−M1
) (
myQ2
mxQ1
) (
xz, σy
yz, σx
) (
φ
(yz,xy)
Q1
φ
(xz,xy)
Q2
) (
yz, xy
xz, xy
)
(
E+M2
E−M2
) (
mxQ2
myQ1
) (
xz, σx
yz, σy
) (
φ
(xz,xy)
Q1
φ
(yz,xy)
Q2
) (
xz, xy
yz, xy
)
(
E+M3
E−M3
) (
mzQ1
mzQ2
) (
yz, σz
xz, σz
) (
φ
(xz,yz)
Q1
φ
(yz,xz)
Q2
) (
xz, yz
yz, xz
)
(
E+M4
E−M4
)
- -
(
φ
(yz,yz)
Q1
φ
(xz,xz)
Q2
) (
yz, yz
xz, xz
)
with α, β corresponding to spin indices and a, b to orbital
indices. Thus, we can write down the SDW Hamiltonian:
HSDW =
∑
kj,ab
m
(a,b)
Qj
·
(
d†a,kασαβdb,k+Qjβ + H.c.
)
. (10)
Hereafter, we focus on intra-orbital SDW, a = b, which
is believed to be the leading magnetic instability in the
iron-based superconductors [16, 30]. Now, SDW order
involves combinations of electronic states at the Γ and
X/Y points of the 1-Fe Brillouin zone. Because in our
low-energy model the electronic states at Γ contain only
contributions from xz/yz orbitals, whereas the states at
X have contributions from yz/xy and at Y , from xz/xy,
there is only one intra-orbital component m(a,a)Qj relevant
for each ordering vector Qj , namely, a = yz for Q1 =
(pi, 0) and a = xz for Q2 = (0, pi). Therefore, to simplify
the notation, hereafter we set:
mQ1 ≡m(yz,yz)Q1
mQ2 ≡m(xz,xz)Q2 . (11)
Note that, since only the xz and yz orbitals are in-
volved, the pseudo-crystal momentum for the SDW order
parameters coincides with the real crystal momentum. In
the case of stripe SDW, which is our interest here, it fol-
lows that either mQ1 = 0 or mQ2 = 0.
As pointed out in Ref. [15], the possible long-range
magnetic orders are classified by the irreducible repre-
sentations of the P4/nmm space group at the M point
of the 2-Fe Brillouin zone. In particular, the six differ-
ent vector components of the two mQj order parameters
are grouped in three doublets, which transform according
to the three two-dimensional irreducible representations
EMi with i ∈ {1, 2, 3}. The full classification is presented
in Table I. Note that with the constraint of intra-orbital
order only, there is no magnetic order that transforms as
the irreducible representation EM4.
Thus, this classification allows us to write the SDW
order parameters not as two three-dimensional vector or-
der parameters mαQj (with α = x, y, z and j = 1, 2),
but rather as three doublets MµEMi , with i ∈ {1, 2, 3}
denoting the appropriate irreducible representation, and
µ ∈ {+,−} denoting the component of the doublet. The
relationship between these two representations are those
already presented in Table I. In what follows, we will use
the MµEMi notation for convenience. Their physical in-
terpretation is straightforward: the doublet component
µ corresponds to eitherQ1 orQ2 order. Moreover,M
µ
EM1
corresponds to stripes with in-plane moments parallel to
Qj , i.e., the one frequently observed in iron-based sys-
tems; MµEM2 corresponds to stripes with in-plane mo-
ments perpendicular to Qj ; and M
µ
EM3
corresponds to
stripes with out-of-plane moments.
In our weak-coupling approach, magnetism arises from
low-energy states near the Fermi level. In some iron-
based systems, there is also another hole pocket made
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out of dxy orbitals centered at the point M = (pi, pi) of
the 1-Fe Brillouin zone (equivalent to the Γ point of the
2-Fe Brillouin zone). As a result, it is possible to form
intra-orbital magnetic order parameters in Eq. 9 with
a = b = xy. These xy SDW order parameters are clas-
sified in identical manner as the ones involving the xz
and yz orbitals, via the two-dimensional irreducible rep-
resentations EMi :
(
E+Mi, E
−
Mi
)
of the P4/nmm space
group. This classification is presented in the Appendix
in Table VIII. Clearly, by symmetry, the same types of
OLC order are induced by (pi, 0) or (0, pi) magnetic or-
der parameters, regardless of their orbital composition.
Thus, while in the remainder of the paper we will focus
for simplicity on the microscopic model that does not
have intra-orbital xy magnetism, the qualitative results
remain the same even if one includes this type of SDW
order parameters.
B. Orbital Loop Current Order
To classify the different types of translational
symmetry-breaking orbital loop current (OLC) order, we
look for bilinear combinations of fermionic field opera-
tors with momentum transfer Q1 and Q2 that are triv-
ial in spin space while breaking time reversal symmetry.
Therefore, in analogy to the SDW order parameters, the
most general OLC order parameter is given in terms of
the orbital electronic operators by:
φ
(a,b)
Qj
∝
∑
k
i〈d†a,kσdb,k+Qjσ −H.c.〉 (12)
yielding the following OLC Hamiltonian:
HOLC =
∑
kj,ab
i φ
(a,b)
Qj
(
d†a,kσdb,k+Qjσ −H.c.
)
. (13)
Similarly to the case of the SDW orders, the different
types of OLC orders must transform according to one
of the three two-dimensional irreducible representations
EMi . Consequently, this restricts the possible orbital in-
dices φ(a,b)Qj . The orbital composition of all possible or-
bital loop-current orders and their classification in terms
of the EMi irreducible representation of the P4/nmm
space group is given in Table I. In analogy to the no-
tation introduced in the SDW case, we will express the
OLC order parameters also in terms of their correspond-
ing doublets, denoted by ΦµEMi .
Note that, in contrast to the SDW orders, we can con-
struct a loop current order which transforms as the ir-
reducible representation EM4. This is the only type of
OLC order that is intra-orbital; all other ones are inter-
orbital order. Because this OLC order cannot couple to
any intra-orbital SDW order, this component will not be
considered hereafter. We also point out that the two or-
bital loop-current orders that couple xz/yz orbitals with
xy orbitals (corresponding to the EM1 and EM2 irre-
ducible representations) actually carry real crystal mo-
mentum QReal = Qi + (pi, pi) = Qi¯. Thus, these OLC
order parameters φQi must couple to an SDW order pa-
rameter with momentum Qi¯, instead of momentum Qi,
as one would naively expect. The difference in pseudo-
crystal momentum is compensated by the out-of-plane
position of the pnictogen/chalcogenide lattice sites as we
will see later in the discussion of loop current induced
magnetic moments in Sec. V.
Due to charge conservation, the OLC orders are rep-
resented in real space by closed current loops. The link
between the order parameter φ(a,b)Qj and the physical elec-
tronic currents is established by considering the current
operator jˆij between lattice sites i and j with distance
Rij ≡ Ri −Rj :
jˆij =
∑
ab
jˆabij =
ie
~
Rij
Rij
∑
abσ
ta,bij
(
d†j,aσdi,bσ −H.c.
)
, (14)
where ta,bij refers to the hopping amplitudes introduced in
context of the tight-binding Hamiltonian Eq. (4), corre-
sponding to the the overlap of localized Wannier states.
The key point is that a non-vanishing OLC order param-
eter causes a finite expectation value for the current op-
erator. Consequently, the resulting loop current patterns
depend on the hopping matrix elements ta,bij . Depending
on the amplitude of the different elements ta,bij connect-
ing different sites i and j and orbitals a and b, arbitrary
complex current patterns can be constructed in principle.
However, the symmetry properties of the resulting cur-
rent pattern do not depend on the actual set and strength
of possible hopping processes. For the sake of simplicity,
we therefore consider the leading order hopping param-
eters involving either nearest- or next-nearest neighbors
for each combination of orbitals, as summarized in Table
II. To construct the appropriate loop current patterns
for each orbital loop-current order parameter φ(a,b)Qj , we
take into account the corresponding hopping parameters
of Table II, combined with the additional constraint for
local charge conservation
Table II. Leading order hopping processes between Fe lattice
sites [31] that are used to construct the loop current patterns
depicted in Fig. 1. NN and NNN refer to nearest- and next-
nearest-neighbor hopping, respectively.
coupled Fe
orbitals
leading order
hopping processes
xz and xy NN along x
yz and xy NN along y
xz and yz NNN along x± y
5
(a) Loop current order belonging to the
irrep E−M1: φ
(xz,xy)
Q2
(b) Loop current order belonging to the
irrep E−M2: φ
(yz,xy)
Q2
(c) Loop current order belonging to the
irrep E+M3: φ
(xz,yz)
Q1
Figure 1. Loop-current patterns of three different OLC ground states, one for each possible irreducible representation EµMi
where periodic boundary conditions are assumed. The representation of the µ component not depicted in each panel is obtained
by performing a mirror reflection with respect to planes whose normals are along the diagonals of the 1-Fe unit cell. To create
these configurations, only leading order Fe-Fe hopping parameters are considered. The coloring of the arrows representing the
electronic flows refers to their orbital composition. Small gray circles refer to pnictogen/chalcogen sites lying above (crossed
circles) or below (non-crossed circles) the Fe plane; the large circles represent Fe lattice sites. Shaded rectangles indicate the
enlarged unit cell due to the translational symmetry breaking imposed by the OLC order.
∑
j
|〈ˆjij〉| = 0, ∀i (15)
As an example, let us show explicitly how to obtain the
loop current pattern corresponding to φ(xz,xy)Q2 (E
−
M1 ir-
reducible representation). The dominating hopping pro-
cess connecting xz and xy orbitals is the nearest-neighbor
hopping along the x-direction [31]. Thus, the dominating
contribution to the current is given by:
〈ˆj〉xz,xyij′ =
ie
~
eˆx t
xz,xy
ij′ 〈d†j′,xzσdi,xyσ −H.c.〉 (16)
for all nearest neighbors j′ which fulfill Rj′ = Ri± eˆx.
Here, eˆx represents the unit vector along the x direction.
Taking the Fourier transform, we find:
〈ˆj〉xz,xyij′ =
ie
~
eˆx t
xz,xy
ij′
∑
k,p
e−i(k−p)·Rie−ik·eˆx〈d†k,xzσdp,xyσ −H.c.〉.
(17)
In the case of φ(xz,xy)Q2 order, only p = k+Q2 survives
in the sum above, yielding:
〈ˆj〉xz,xyij′ ∝
e
~
eˆx t
xz,xy
ij′ φ
xz,xy
Q2
eiQ2·Ri , (18)
where, in the last step, we used the fact that e−ik·eˆx ≈ 1
since the magnitude of k is restricted to small values.
Thus, there is a constant flow along the x direction, which
changes sign as one changes the spatial position along
the y-direction due to the oscillating factor eiQ2·Ri , thus
preserving local charge conservation as demanded.
The analysis for other types of loop currents orders
works analogously, resulting in the loop-current patterns
for φ(xz,xy)Q2 , φ
(yz,xy)
Q2
and φ(xz,yz)Q1 depicted in Fig. 1,
where we assume periodic boundary conditions. As ex-
plained above, the current patterns displayed are one
contribution to the total current flow present. How-
ever, they posses the full symmetry properties imposed
by their classification into the three irreducible represen-
tations, providing thus insight onto the relationship be-
tween the OLC order parameters to microscopic charge
flows. Moreover, we emphasize that the inter-site flow
between the Fe lattice sites is actually mediated by the
pnictogen/chalcogen lattice sites, though their electronic
degrees of freedom are integrated out in our microscopic
model. This will be relevant to discuss the experimental
manifestations on OLC orders below.
IV. MICROSCOPIC COUPLING BETWEEN
MAGNETIC AND ORBITAL LOOP-CURRENT
ORDERS
The analysis of the previous section reveals a set of
three magnetic order parametersMµEMi and three orbital
loop current order parameters ΦµEMi that transform ac-
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Figure 2. Microscopic representation of the coupling coefficient gµEMi(λ) in terms of Feynman diagrams coupling spin density-
wave and orbital loop-current orders. Wavy and dashed lines represent SDW and OLC current fields, respectively, whereas
dotted lines refer to the spin-orbit interaction. GΓ,0, GX0, GY 0 represent fermionic propagators of electronic states residing
at the three different pockets of the Brillouin zone. The vertices for the coupling between electronic and bosonic degrees of
freedom and the SOC are represented by a square, a circle, and a diamond, respectively.
cording to the same two-dimensional irreducible repre-
sentations EMi , with i = 1, 2, 3 and µ ∈ {+,−} denoting
the two elements of each doublet. As a result, symme-
try dictates that if MµEMi 6= 0, the corresponding Φ
µ
EMi
must also become non-zero. In other words, stripe SDW
order induces OLC in the iron-based superconductors.
Mathematically, this implies that the Ginzburg-Landau
free-energy expansion of this model must contain bilin-
ear terms of the form gµEMiM
µ
EMi
ΦµEMi . In this section,
we derive microscopically these coupling constants gµEMi .
Since Φ transforms trivially in spin space, it is clear that
the coupling constants must be non-zero only in the pres-
ence of the SOC, i.e. gµEMi(λ = 0) = 0.
The free-energy functional is obtained by following
the standard procedure of integrating out the elec-
tronic degrees of freedom [32]. The non-interacting
Hamiltonian was already defined in Sec. II. Intro-
ducing the 12-dimensional enlarged electronic spinor
Ψk = (ψΓ,k, ψX,k+Q1 , ψY,k+Q2)
T associated with the
low-energy electronic states, we can write it in the com-
pact form:
H0 =
∑
k
Ψ†kH0Ψk
HSOC =
∑
k
Ψ†kHSOCΨk (19)
where the matrices H0 and HSOC can be directly read off
Eqs. (5) and (7). As for the interacting part, we start
by projecting all possible electron-electron interactions in
the spin and orbital loop-current channels:
Hint =
[∑
iqµ
(
UMEMiMˆ
µ
EMi
(q)MˆµEMi(−q)
)
+ UΦEMiΦˆ
µ
EMi
(q)ΦˆµEMi(−q)
]
(20)
where the SDW and OLC bosonic operators are given by
MˆµEMi(q) =
∑
k
Ψ†k+qΥ
M
EMi,µΨk, (21)
ΦˆµEMi(q) =
∑
k
Ψ†k+qΥ
Φ
EMi,µΨk. (22)
Here, the hat indicates that the quantity is an operator.
The bosonic vertices ΥMEMi,µ and Υ
Φ
EMi,µ
for each channel
indicate how each order couples to the low-energy elec-
trons. They are represented in terms of 12× 12 matrices
acting in the enlarged spinor space and can be read off
using Table I. For instance, for the order parameters be-
longing to the irreducible representations E−M1, the ver-
tices are given by
ΥMEM1,− =
 0 τ↑σx 0τ↑σx 0 0
0 0 0
 (23a)
ΥΦEM1,− =
 0 0 −iτ↓σ00 0 0
iτ↓σ0 0 0
 (23b)
with τ↑ =
(
1 0
0 0
)
and τ↓ =
(
0 0
0 1
)
acting in orbital
doublet space and Pauli matrices σa acting in spin space.
Note that each entry of the matrices above is itself a 4×4
matrix. The vertices of the remaining channels are listed
in Appendix D for convenience. The effective interactions
UMEMi and U
Φ
EMi
have contributions from interorbital and
intraorbital on-site interactions, and will not be discussed
here. Previous results have established that, for most
of the parameter space, only the SDW state develops
spontaneously (see for instance Ref. [17]).
We now introduced the bosonic fields MµEMi and Φ
µ
EMi
via Hubbard-Stratonovich transformations of the quartic
interaction terms. This decoupling makes the Hamilto-
nian quadratic in the fermions, which can now be inte-
grated out, resulting in an effective free-energy functional
7
for the two bosonic fields:
F [M,Φ] = F0 − β−1tr ln[1− GV ]+
+
∑
iµq
[
2
UMEMi
|MµEMi(q)|2 +
2
UΦEMi
|ΦµEMi(q)|2
]
(24)
with q = (iνn,q) denoting bosonic Matsubara frequency
νn = 2npiT and momentum q. The non-interacting
fermionic propagator, defined in the 12-dimensional en-
larged spinor space, is given by:
G−1 = iωnI− (H0 +HSOC) (25)
with ωn = (2n+ 1)piT denoting a fermionic Matsubara
frequency. The interaction term V is given in terms of
the vertex functions by
V =
∑
iµ
(
ΥMEMi,µM
µ
EMi
+ ΥΦEMi,µΦ
µ
EMi
)
(26)
The trace runs over spin and orbital indices as well as
momenta and frequencies of the electronic degrees of free-
dom.
Since the electronic states at the Γ and X/Y points
fully decouple, even in the presence of spin-orbit cou-
pling, we rewrite the non-interacting propagator G in the
more convenient block-diagonal form:
G =
 GΓΓ 0 00 GXX GXY
0 GY X GY Y
 . (27)
Near the Γ point, we have
GΓΓ =
(
G−1Γ,0 − ΛSOCΓ
)−1
(28)
with:
G−1Γ,0 = iωnI− Γk (29)
and ΛSOCΓ as defined in Eq. (8a). Note that the momen-
tum and spin indices are dropped for the sake of simplic-
ity.
At the X and Y points, the electronic states of both
Fermi pockets are coupled to each other by the spin-orbit
interaction. Defining:
G−1X,0 = iωnI− Xk , G−1Y,0 = iωnI− Yk , (30)
we have the block-diagonal matrix:(
GXX GXY
GY X GY Y
)
=[(
G−1X,0 0
0 G−1Y,0
)
−
(
0 ΛSOCM
(ΛSOCM )
† 0
)]−1
(31)
with ΛSOCM given in Eq. (8b).
We are now in position to expand the logarithm in Eq.
(24) in powers of the bosonic fields using the identity
ln(1−GV ) = −∑∞n=1 12n (GV )2n. Focusing on the terms
that are second order in the bosonic fields MµEMi and
ΦµEMi , we find the bilinear coupling
δF =
∑
iµq
gµEMi(λ) Φ
µ
EMi
(−q)MµEMi(q) + c.c. (32)
with
gµEMi(λ) =
1
2
tr
[GΥΦEMi,µGΥMEMi,µ] , (33)
where the trace runs over orbital doublet and spin space
indices, as well as momentum and frequency. It is clear
why this term vanishes in the absence of SOC: the SDW
vertex ΥMEMi,µ has a Pauli matrix, whereas the OLC ver-
tex ΥΦEMi,µ does not. If there is no SOC, then the non-
interacting Green’s functions G are also spin independent,
implying that the trace over spin indices gives zero.
To better highlight the effects of the SOC, we perform
an expansion in powers of λ. A graphical representation
of the microscopic process generating gµEMi in terms of
Feynman diagrams of three of the six introduced orders
is depicted in Fig. 2. Note that for a coupling between
static and spatially uniform orders, which is of interest in
this work, the external momentum and frequency in the
evaluation of Eq. (33) are set to zero. The calculation of
the coupling constants is now straightforward. For E−M1,
where mxQ1 couples to φ
(xz,xy)
Q2
, we obtain:
g−EM1(λ) =
1
2
tr
[
GXY
(
iτ↓σ0
)
GΓ
(
τ↑σx
)−GΓ (iτ↓σ0)GY X (τ↑σx)]
≈ 1
2
tr
[
GX,0Λ
SOC
M GY,0
(
iτ↓σ0
)
GΓ,0
(
τ↑σx
)−GΓ (iτ↓σ0)GY,0 (ΛSOCM )†GX,0 (τ↑σx)]
= −λ
∫
k
[GX,0]11 [GY,0]22 [GΓ,0]21 (34)
where we approximated GXY ≈ GX,0ΛSOCM GY,0 and GY X ≈ GY,0
(
ΛSOCM
)†
GX,0. In the last line we performed
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the trace over orbital doublet and spin space and left
the remaining integration over momentum and frequency
symbolized by
∫
k
= T
∑
ωn
∫
dk
(2pi)2
.
The evaluations of the other coefficients are analogous.
For E−M2 we find:
g−EM2(λ) ≈ λ
∫
k
[GX,0]12 [GY,0]12 [GΓ,0]11 , (35)
whereas for E+M3
g+EM3(λ)
≈ λ
∫
k
[GX,0]11
(
[GΓ,0]21 [GΓ,0]21 − [GΓ,0]11 [GΓ,0]22
)
.
(36)
In all cases, we find that gµEMi(λ = 0) = 0, as expected.
The bilinear coupling in the free-energy ensures that
ΦµEMi becomes non-zero once M
µ
EMi
orders. Indeed, the
full free-energy expansion becomes (assuming real fields):
F [M,Φ] = g(λ)ΦM
+
rM
2
M2 +
rΦ
2
Φ2 +
uM
4
M4, (37)
where we dropped the indices EMi, µ for simplicity of
notation. The terms rM and rΦ trigger the onset of long-
range order in the usual manner, and uM > 0. Because
Φ does not usually order on its own, rΦ remains positive
and we can keep the free-energy expansion to quadratic
order in Φ. Minimization of the free-energy gives:
Φ = −g(λ)
rΦ
M (38)
showing that M 6= 0 gives Φ 6= 0. Note also that, once Φ
is integrated out, the magnetic free-energy changes to:
F [M ] =
(
rM
2
− g
2(λ)
rΦ
)
M2 +
uM
4
M4 (39)
which demonstrates that the SDW transition tempera-
ture is enhanced.
To give a rough estimate of the magnitude of the OLC
order parameter induced by the SDW order parameter,
Eq. (38), we consider how the relevant energy scales of
the problem enter in the combination g(λ)/rΦ that de-
termines the ratio Φ/M . Although numerical value may
be obtained by fitting the microscopic parameters such
as the electronic dispersion and interaction parameters to
experiments or first-principle calculations, this is not the
scope of this work. To estimate the microscopic coupling
g, we note that it is generically given by the SOC times
a product of three fermionic Green’s functions, see Eqs.
(34)–(36) of type
g(λ) = λT
∑
ωn
∫
k
Gi,0Gj,0Gk,0. (40)
Using the general form G−1i = i(2n + 1)piT − i,k and
changing
∫
dk
(2pi)2 = ρF
∫
d, we obtain
g(λ) ≈ A λ
TF
, (41)
where the numerical factor A depends on the details
of band structure. Here, the density of states at the
Fermi level was approximated by the inverse Fermi en-
ergy ρF ∼ −1F . To estimate the parameter rΦ, we com-
pare it to the quadratic Ginzburg-Landau coefficient of
the SDW degrees of freedom, rM , see Eq. (37). The
difference between them is expected to be dominated, in
the weak-coupling regime, by the difference in the effec-
tive electron-electron interaction strengths projected in
the corresponding channels, denoted by UM (for SDW)
and UΦ (for OLC):
rΦ − rM ≈ 1
UΦ
− 1
UM
. (42)
Near the SDW transition temperature TM , rM ≈ 0.
Thus, the estimate for the ratio between the OLC and
SDW order parameters is:
g(λ)
rΦ
≈ A λ
TM
UΦ
F
UM
UM − UΦ . (43)
Therefore, the ratio Φ/M depends on four factors: There
is a dimensionless factor A depending on the details of
the band structure. The second factor is the ratio be-
tween the SOC energy scale and SDW transition temper-
ature. A rough estimate for the iron-based systems with
λ ≈ 10meV and TM ≈ 100K yields λTM ≈ 1. The third
factor is the ratio between the OLC interaction strength
and Fermi energy, which we expect to be small in a weak-
coupling expansion U
Φ
F
 1. The fourth factor depends
on the difference between the interaction strengths in the
OLC and SDW channels: For UΦ  UM , UM
UM−UΦ ≈ 1
and the induced OLC is expected to be small Φ  M .
However, if the system is sufficiently close to an OLC in-
stability UΦ / UM , the induced OLC can be comparable
with the SDW, Φ ∼M .
V. EXPERIMENTAL MANIFESTATIONS OF
ORBITAL LOOP-CURRENT ORDER
The previous sections show that OLC is induced by
SDW. An important issue is about the impact of OLC
to the physics of the iron-based superconductors. In this
section, we discuss two direct experimental manifesta-
tions of OLC that can in principle be detected with ap-
propriate probes. Detection of these effects and of their
amplitudes will allow one to assess the significance of
these degrees of freedom to the properties of these sys-
tems.
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Figure 3. Magnetic moments induced by different loop current configurations. Note that, in contrast to Fig. 1, here we show
explicitly the charge current path going through the As/Se site (black arrows). The corresponding closed loops that induce
magnetic moments at the Fe sites and at the As/Se sites are shown by dashed red and blue curves, respectively. Accordingly,
the induced magnetic moments at the Fe and As/Se sites are represented by red and blue arrows, respectively. Recall that the
As/Se lattice sites are positioned above and below the horizontal Fe plane in a staggering pattern. This feature of the crystal
lattice is what gives rise to in-plane induced magnetic moments at the Fe/Se sites.
A. Induced Magnetic Moments on the
Pnictogen/Chalcogen Sites
An obvious manifestation of static loop currents is
the generation of magnetic fields, according to the Biot-
Savart law of classical electrodynamics. To determine the
magnetic field distributions corresponding to each loop
current configuration, we employ symmetry-based argu-
ments, i.e. the induced magnetic fields must transform as
the underlying loop current pattern under the symmetry
operations of the lattice. We follow a procedure similar
to Ref. [33].
The point symmetry operations which will be used in
the following analysis are given by mirror reflections cut-
Table III. Transformation behavior of the irreducible repre-
sentations EMi for the point symmetry operations discussed
in the main text, σAs/Sex , σAs/Sey , σzσFex , and σzσFey .
irrep σAs/Sex σAs/Sey σzσFex σzσFey
EM1
[−1 0
0 −1
] [−1 0
0 −1
] [
1 0
0 −1
] [−1 0
0 1
]
EM2
[
1 0
0 1
] [
1 0
0 1
] [−1 0
0 1
] [
1 0
0 −1
]
EM3
[
1 0
0 −1
] [−1 0
0 1
] [−1 0
0 −1
] [−1 0
0 −1
]
EM4
[−1 0
0 1
] [
1 0
0 −1
] [
1 0
0 1
] [
1 0
0 1
]
ting Fe and As/Se sites combined with horizontal reflec-
tions. At the As/Se lattice sites, there are mirror planes
whose normals point along the x and y directions, de-
noted respectively by σAs/Sex and σ
As/Se
y . At the Fe lat-
tice sites, these mirror reflections are combined with re-
flections with respect to the horizontal Fe plane yielding
the point symmetry operations σzσFex and σzσFey . The
transformation behavior of the four distinct irreducible
representations EMi under these point symmetry oper-
ations are listed in Table III. The latter can be verified
using the current pattern representations in Fig. 1, and
were also given in Ref. [15]. For the subsequent analy-
sis, note that whereas a current transforms as a vector,
an induced magnetic field transforms as a pseudo-vector,
Table IV. Direction of the loop-current induced magnetic
moments Bind at Fe and pnictogen/chalcogen lattice sites as
well as the spin magnetic moments µ at the Fe lattice sites.
irrep Loop current inducedmoments Bind
Spin
moments µ
at Fe at As/Se at Fe(
E+M1
E−M1
) (
Bˆy
Bˆx
)
Fe
(
Bˆz
Bˆz
)
As
(
µˆy
µˆx
)
Fe(
E+M2
E−M2
) (
Bˆx
Bˆy
)
Fe
-
(
µˆx
µˆy
)
Fe(
E+M3
E−M3
) (
Bˆz
Bˆz
)
Fe
(
Bˆx
Bˆy
)
As
(
µˆz
µˆz
)
Fe
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meaning that the normal component remains invariant
whereas in-plane components change sign under mirror
reflections.
To illustrate the logic of the symmetry-based argument
for the existence of induced magnetic moments intro-
duced above, we discuss in detail loop currents, which
transform as the irreducible representation EM1. In the
following, we denote the direction of induced magnetic
moments by Bˆα = Bind|Bind| with α = x, y, z representing
the particular directions along the Fe-Fe bonds (x, y) or
pointing out of plane (z). We are looking for a doublet of
directions of induced magnetic moments (Bˆα, Bˆα′)T that
corresponds to loop currents of one irreducible represen-
tation. We find at the Fe and As/Se lattice, respectively,
σzσ
Fe
x
(
Bˆy
Bˆx
)
Fe
=
(
Bˆy
−Bˆx
)
Fe
, (44a)
σzσ
Fe
y
(
Bˆy
Bˆx
)
Fe
=
(−Bˆy
Bˆx
)
Fe
, (44b)
σAs/Sex
(
Bˆz
Bˆz
)
As
= −
(
Bˆz
Bˆz
)
As
, (44c)
σAs/Sey
(
Bˆz
Bˆz
)
As
= −
(
Bˆz
Bˆz
)
As
(44d)
which transform consistently as the EM1 loop currents as
indicated in Table III. We therefore conclude that these
are the directions of local magnetic moments at the Fe
and As/Se lattice sites which are induced by these partic-
ular orbital loop currents. It is straightforward to verify
that this is the only possible distribution of moments that
is allowed by symmetry.
Our results for the directions of possible induced mag-
netic moments for all types of loop-current orders are
presented in Table IV. Note that they agree with the
As/Se magnetic moments discussed in Ref. [15] derived
solely on symmetry considerations. We find that at Fe
lattice sites the induced magnetic fields are pointing in
the same direction as the magnetic moments of the cor-
responding SDW orders. This is not surprising since the
SDW and OLC orders share the same symmetry prop-
erties. It can also be traced back to the physical fact
that the two orders couple via these moments. However,
there are also induced magnetic fields located at the pnic-
togen/chalcogenide (As/Se) lattice sites which represent
a unique signature of the distinct loop-current patterns.
To establish a link between the derived schematic cur-
rent pattern shown in Fig. 1 and the direction of the
induced magnetic fields, one has to include the actual
current flow via the As/Se lattice sites. This immedi-
ately gives rise to orbital independent current pattern
for EµM1 and E
µ
M3 loop-current orders as depicted in Fig.
3a and 3c, respectively. In case of EµM2 current order we
encounter a problem: The net charge flow between Fe
lattice sites sums up to zero as seen in Fig. 3b. This
can traced back to the fact that the EµM2 current pat-
tern transform evenly under point symmetry operations
with respect to the Fe lattice sites (see Table III). Thus,
a refined analysis, which takes higher-order Fe-Fe hop-
ping processes into account as conducted in the previous
section, would not yield any solution and only an ex-
plicit consideration of electronic degrees of freedom of
pnictogen / chalcogenide atoms would remedy this prob-
lem. Here, we will use the symmetry properties of the
EµM2 irreducible representation to derive an effective cur-
rent pattern: Besides the transformation behaviors un-
der point symmetry operations, we require loop currents
that preserve local charge conservation and posses order-
ing momentum Qj . The result is depicted in Fig. 3b.
Besides the effective current flow pattern, the induced
magnetic fields in combination with one realization of
the responsible loop currents are visualized in Fig. 3.
The out-of plane position and the alternating stacking
of As/Se lattice sites are crucial features and allow for
in-plane magnetic fields. They also provide a physical
understanding of the fact that loop-current orders, which
are composed out of evenly and oddly transforming or-
bitals, couple to magnetic orders with different pseudo-
crystal momentum as discussed in Sec. II: The momen-
tum of the induced magnetic fields is shifted by (pi, pi)
due to the alternate stacking of As/Se lattice sites.
We now estimate the magnitude of the induced mag-
netic fields at the As/Se sites. Given the area of the loop
current and the magnitude of the current, we can obtain
the corresponding magnetic moment in a straightforward
way:
µOLC = A⊥|〈ˆj〉| ∼ A⊥et~ Φ (45)
with A⊥ being the area enclosed by the loop current 〈ˆj〉
projected onto the direction of the magnetic moment.
For magnetic moments lying out of plane, A⊥ ∼ a2Fe,
while for moments lying in-plane, A⊥ ∼ aFeaPn where
aFe is the Fe-Fe lattice spacing and aPn denotes the out-
of-plane position of the pnictogen/chalcogen lattice sites.
In the last step, we used the relationship between the av-
erage current and the OLC order parameter
∣∣∣〈ˆj〉∣∣∣ ∼ et~ Φ
as discussed in the previous section, with t being some
dominant kinetic energy scale of the electronic system.
With the expression for the magnetic moments we ap-
proximate the induced magnetic field strength to
Bind =
2µOLC
cr3
∼ A⊥et
c~a3Fe
Φ. (46)
For a quantitative statement we compare the system
of the Fe-based superconductors to that of the cuprates
superconductors. In those systems the induced magnetic
field strength due to loop currents was estimated to be
BCu ∼ 100− 1000 G [33]. In comparison, the typical en-
ergy scales in the Fe-based systems are one order of mag-
nitude smaller tFetCu ∼ 0.1. Thus, we expect the induced
magnetic field strength to be of order Bind ∼ 10−100 G.
An important issue is about how to detect these in-
duced fields Bind on the As/Se sites. NMR is a natural
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candidate to detect local fields, particularly since it can
be done on the As and Se nuclei. However, the internal
field measured by NMR also has contributions from the
hyperfine field Bhf arising due to the coupling between
the As/Se nuclei spins and the electronic Fe spins. Not
surprisingly, the directions of these hyperfine fields Bhf
are exactly the same as the directions of the fields induced
by the loop currents, Bind (see, for instance, Ref. [34]).
Thus, unambiguously distinguishing the fields generated
by the loop currents from the fields generated by the hy-
perfine nuclei-spins coupling is a difficult task. Instead
of NMR, x-ray scattering may provide more unambigu-
ous signatures of the fields induced by the loop currents.
First, because the loop currents are extended objects,
they will likely produce form factors that are rather dis-
tinct from those arising from point-like moments. Sec-
ond, the x-rays can be tuned to the As absorption edge,
thus providing information about the electronic magne-
tization of the As atoms only. Recently, x-ray absorption
measurements tuned to the As K-edge were performed
to unveil ferromagnetic order in the As sites of materials
closely related to the 122 iron pnictides [35].
B. Orbitally-Selective Band Splittings
A direct manifestation of OLC order is on the elec-
tronic spectrum near the high-symmetry points, which
can be probed experimentally using ARPES [20, 36].
To discuss this effect, it is convenient to refer to the
coordinate system corresponding to the 2-Fe Brillouin
zone. Recall that both the X and Y points of the 1-
Fe Brillouin zone are folded onto the M point of the
2-Fe Brillouin zone (see inset of Fig. 4). Since the M
point only admits two-dimensional irreducible represen-
tations, all electronic states at the M point are doubly
degenerate (on top of the standard Kramers degeneracy).
This degeneracy holds even in the presence of spin-orbit
coupling λ. In particular, the two lowest-energy dou-
blets at M correspond to
[
Xk=0
]
11
=
[
Yk=0
]
22
= 1 and[
Xk=0
]
22
=
[
Yk=0
]
11
= 3, with |3| > |1|, and the matrix
elements corresponding to the non-interacting Hamilto-
nian of Eq. (5). Note that the off-diagonal elements[
Xk=0
]
12
=
[
Yk=0
]
12
= 0 vanish at the M point. The Γ
point also has one energy doublet,
[
Γk=0
]
11
=
[
Γk=0
]
22
=
Γ, associated with the two-dimensional irreducible rep-
resentation Eg at the zone center. In contrast to the
doublets at M , however, this doublet is split by the SOC
(see Fig. 4).
In terms of the orbitals, which are good quantum num-
bers at the M point, the existence of the doublet 1 (3)
is a consequence of the fact that the xz orbital (xy or-
bital) on-site energy at X is equivalent to the yz orbital
(xy orbital) on-site energy energy at Y . Because long-
range SDW and OLC orders mix these orbitals, they
lead to splittings of the corresponding doublets. Now
because the orbitals involved in the SDW order parame-
ter MµEMi are not necessarily the same as those involved
ΔεΓ
kx , kyΓ
M
Γ M (X)
M (Y) Γ
Figure 4. Electronic band dispersion in the tetragonal phase
in the presence of spin-orbit coupling. The latter gives rise
to a strong mixing of electronic states and a band splitting
of |λ| at the Γ point, but does not affect the doublets at
the M point. The orbital content of the electronic states
is represented by different colors: Blue and red correspond
to xz and yz orbitals, respectively, while green, to the xy
orbital. Here, the electronic states are represented in the two
Fe Brillouin zone, where the X and Y points are both folded
onto the M point. The dispersions plotted correspond to the
cuts indicated in the inset. The Fermi surface is also shown
in the inset.
in the OLC order parameter ΦµEMi 6= 0, each order pa-
rameter will affect differently each doublet. In particular,
because intra-orbital magnetism can only involve xz and
yz orbitals (assuming, of course, that there is not a xy
hole pocket at Γ, as it happens in a few iron pnictides),
the onset of long-range SDW order can only split the 1
doublet. However, if the OLC order parameter belongs to
the EM1 or EM2 irreducible representations, it involves
also the xy orbital, as shown in Table I. As a result, it
leads to a splitting of the 3 doublet, but not of 1.
To make this analysis quantitative, we assume non-
zero values for MµEMi 6= 0 and Φ
µ
EMi
6= 0 and diagonalize
the quadratic Hamiltonian H0 +HSOC +HSDW +HOLC
for each different irreducible representation. In Fig.
5, we show the corresponding band dispersions in the
SDW+OLC state for three different possible types of or-
der. Focusing at the doublets at the Γ and M points, we
can obtain all induced splittings analytically to leading
order in the SOC λ, in the SDW order parameter M ,
and in the OLC order parameter Φ. When the latter
transform as components of the irreducible representa-
tions EM1 and EM2, we find the following leading-order
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ΔεΓ
Γ/M
kxky
Δε1
(a) SDW order for vanishing
SDW-OLC coupling
Γ/M
kxky
Δε3
ΔεΓ
Δε1
(b) Coupled E−M1 SDW and
OLC orders
Γ/M
kxky
ΔεΓ
Δε3
Δε1
(c) Coupled E−M2 SDW and
OLC orders
Γ/M
kxky
ΔεΓ
Δε1ε1
(d) Coupled E+M3 SDW and
OLC orders
Figure 5. Reconstructed electronic dispersions in the SDW phase for (a) vanishing and (b)-(d) non-vanishing coupling to the
OLC order parameter. In the absence of SDW-OLC coupling, the reconstructed electronic structures associated with each SDW
irreducible representation are the same (a). However, for finite SDW-OLC coupling, the resulting band dispersion is different
for the (b),(c) EM1,M2 and (d) EM3 representations. The dispersions plotted correspond to the cuts displayed in the inset of
Fig. 4. The insets zoom in on the splittings of the energy doublets at the M point associated with each case. The electronic
dispersion parameters are taken from Ref. [15] (see also Appendix C). To highlight the main features caused by each electronic
reconstruction, the spin-orbit coupling is set to λ = 80 meV, the SDW order parameter to M = 65 meV, and the induced OLC
order parameter, to Φ = M .
Γ/M
kx
ky
(a) SDW order for vanishing
SDW-OLC coupling
Γ/M
kx
ky
(b) Coupled E−M1 SDW and
OLC orders
Γ/M
kx
ky
(c) Coupled E−M2 SDW and
OLC orders
Γ/M
kx
ky
(d) Coupled E+M3 SDW and
OLC orders
Figure 6. Reconstructed Fermi surfaces corresponding to the band dispersions shown in Fig. 5. (a) corresponds to the SDW
phase with vanishing SDW-OLC coupling, and is the same for all three irreducible representations of the SDW order parameter.
(b)–(d) corresponds to a non-vanishing SDW-OLC coupling. Note that, for the case of the EM1,M2 representations, there is
additional Fermi surface gapping as compared to the case of the EM3 representation and the case of vanishing SDW-OLC
coupling. The parameters are the same as in Fig. 5.
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band splittings
∆Γ ≈ |λ| (47a)
∆1 ≈ M
2
|Γ − 1| (47b)
∆3 ≈ Φ
2
|Γ − 3| . (47c)
The fact that the orders that transform as EM1 and
EM2 yield equivalent results is attributed to the fact that
both orders couple orbitals at Γ to the xy orbital atX/Y .
A difference in band shifts appear only in higher order
in the order parameters. Since Φ = −χΦg(λ)M , where
χ−1Φ = rΦ is the OLC susceptibility, the ratio between the
doublet splittings at the M point provide an interesting
way to estimate the coupling between the SDW and OLC
orders:
∆3/∆1 ≈ χ2Φg2(λ)
|Γ − 1|
|Γ − 3| . (48)
For coupled SDW-OLC orders that transform as EM3,
the band splittings become, to leading order
∆Γ ≈ |λ| − 2 MΦ|Γ − 1| (49a)
∆1 ≈ M
2 + Φ2
|Γ − 1| (49b)
∆3 ≈ 0 (49c)
In comparing these results with ARPES experiments,
one has to keep in mind that orbital order also leads
to splittings of these doublets [14]. However, for orders
that transform as EM1 and EM2, the additional splitting
of the doublet 3 represents an unique signature since it
is unaffected by orbital and intra-orbital spin magnetic
orders involving predominantly xz/yz orbitals. Thus,
proper consideration of this effect is needed to extract
the doublet splittings produced only by SDW and OLC
order.
The onset of OLC order also impacts the reconstruc-
tion of the Fermi surface in the magnetically ordered
state, which can also be probed by ARPES. Specifically,
due to the inter-orbital nature of the OLC orders, ad-
ditional parts of the Fermi surface can be gapped, as
compared to the case in which only intra-orbital SDW is
present, depicted in Fig. 6(a). Figures 6(b)–(d) depict
our results for the reconstructed Fermi surface assuming
SDW and OLC order parameters of equal magnitudes,
M = Φ. Note that, in the case of order parameters be-
longing to the EM1,M2 representations, the onset of OLC
order leads to an additional gapping of the Fermi surface
along one direction. However, in the case of EM3 or-
der, the Fermi surface remains very similar as the case
without OLC order.
It is important to point out that the expressions de-
rived in this section are valid if intra-orbital magnetism
involves only the xz/yz orbitals. For the cases where
intra-orbital magnetism involving also the xy orbital ap-
pears, which is presumably the case when the additional
xy hole pocket is present, the situation changes. This
is because the xy SDW order parameter also leads to
splitting of the 3 doublet, which may mask or make it
harder to distinguish the contribution arising from the
OLC order parameter.
VI. CONCLUSIONS
In this paper, we showed that the onset of long-range
SDW order belonging to one of two-dimensional irre-
ducible representations EMi of the space-group describ-
ing a generic iron-pnictide/chalcogenide plane must trig-
ger an orbital loop-current order belonging to the same ir-
reducible representation. Such a coupling between these
two types of order is mediated by the spin-orbit interac-
tion, which has been experimentally found to be sizable in
these materials. Each irreducible representation implies
different patterns of loop-current order, as they only al-
low very specific combination of charge flow between the
Fe orbitals. For instance, the most widely realized mag-
netic ground state in the iron-based superconductors is
the stripe SDW state belonging to the EM1 irreducible
representation. It corresponds to stripes of parallel spins
whose magnetic moments are parallel to the ordering
vectors Q1 = (pi, 0) or Q2 = (0, pi). The correspond-
ing OLC patterns have ordering vectors Q2 = (0, pi) or
Q1 = (pi, 0), respectively, and involve charge transfer be-
tween neighboring Fe yz/xz and xy orbitals. Thus, even
though the intra-orbital SDW order affects directly only
the xz and yz orbitals, it indirectly impacts also the xy
orbital via the induced secondary inter-orbital OLC or-
der. We note that, by symmetry, OLC order is also in-
duced by other types of magnetic ground states, such
as the C4 double-Q magnetic phases observed in certain
hole-doped pnictides [5–8].
In our considerations, we assumed that the microscopic
electronic interactions always promote SDW order, of
which the OLC order is just a byproduct. This seems
to be the case according to Hartree-Fock [30] and renor-
malization group calculations [37]. It remains to be seen,
however, whether the OLC order can ever become the
leading instability of the system. In this case, besides
OLC order, OLC fluctuations would become important,
which can possibly affect nematicity [25] and even super-
conductivity. Note that, since the SDW and OLC order
parameters share the same symmetry properties, both
their fluctuations promote sign-changing s+− supercon-
ductivity. Interestingly, other types of loop-current or-
ders have been proposed in different correlated systems,
most notably cuprates [27, 28], in which the order is how-
ever considered as leading instability, and iridates [38].
Given that these are also multi-orbital systems, it is in-
teresting to explore whether any of the effects unveiled
here could be relevant in those compounds.
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Our finding epitomizes the unique entanglement be-
tween spin and orbital degrees of freedom in the iron-
based superconductors, beyond the well-established in-
terconnection between nematicity and ferro-orbital order
[39, 40]. It also raises the important question of whether
the induced OLC order has a strong impact on the mi-
croscopic properties of these materials. Up to date, to
the best of our knowledge, all properties of the SDW
state have been interpreted in terms of a magnetic or-
der parameter and the accompanying ferro-orbital order.
To elucidate the extent to which the OLC order parame-
ter affects different observables will require a re-analysis
of several of previous experimental results. Here, we fo-
cused on two distinct manifestations of OLC order that
can be probed experimentally, namely, the magnetic field
induced by the loop currents on the pnictogen/chalcogen
site, and the splitting of the xy doublet of the band struc-
ture at theM point. Interestingly, the latter has been re-
cently observed in FeSe, where, however, the usual SDW
order is absent [36]. Another possible manifestation of
the coupling between OLC and SDW is in the spin-wave
spectrum, as spin excitations become mixed with loop-
current excitations. Obviously, such an effect will be
stronger the closer the system is to an spontaneous OLC
instability. Finally, since superconductivity is observed
to coexist microscopically with SDW order in some iron-
based compounds, an interesting open issue is how OLC
order can impact this unique thermodynamic state.
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Appendix A: Notation guide
For convenience, here we provide a summary of the different quantities defined throughout the paper. Table V
displays the objects defined in the Fe 3d orbital space. Table VI presents the quantities defined in terms of irreducible
representations of the P4/nmm space group, which describes a generic iron pnictogen/chalcogen plane. Finally, Table
VII displays the quantities defined in the extended spinor space that describes the low-energy electronic model used
throughout the text.
Table V. Quantities defined in orbital space. Here, a and b are orbital indices referring to one of the three Fe 3d orbitals: xz,
yz, and xy.
da,kσ Annihilation operator for an electron at orbital a with momentum k and spin σ
ta,bij Amplitude for an electron hopping from site i, orbital a to site j, orbital b
m
(a,b)
Qi
Spin-density wave order parameter involving orbital a at momentum k and orbital b at momentum k+Qi.
Only two intra-orbitals combinations are considered in the main text, mQ1 ≡m(yz,yz)Q1 and mQ2 ≡m
(xz,xz)
Q1
φ
(a,b)
Qi
Orbital loop-current order parameter involving orbital a at momentum k and orbital b at momentum k+Qi.
Table VI. Quantities defined in terms of irreducible representations of the P4/nmm space group.
EMi Two-dimensional irreducible representations of the P4/nmm group at the M = (pi, pi) point of the Brillouin
zone corresponding to the 2-Fe unit cell. In this paper we focus on i = 1, 2, 3.
MµEMi Spin-density wave order parameter expressed in terms of the two-dimensional irreducible representations EMi.
Each doublet (µ = +, − ) corresponds to combinations of the components of mQi introduced in Table V.
ΦµEMi Orbital loop-current order parameter expressed in terms of the two-dimensional irreducible representations
EMi. Each doublet (µ = +, − ) corresponds to combinations of φ(a,b)Qi introduced in Table V.
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Table VII. Quantities defined in the space of the low-energy electronic state spinors.
Ψk = (ψΓ,k, ψX,k+Q1 , ψY,k+Q2)
T Extended 12-dimensional electronic spinor. ψΓ, ψX , and ψY are each four-dimensional
spinors (two spins indices and two orbital indices) describing the low-energy states near
the Γ, X, and Y points of the 1-Fe unit cell Brillouin zone.
ΛSOCΓ and ΛSOCM Spin-orbit coupling vertices defined in the ψΓ and in the ψX/ψY subspaces according to
Eqs. (7) and (8a)-(8b).
ΥMEMi,µ Vertex describing the coupling between the spin density-wave order parameter M
µ
EMi
and the electronic states described by the extended spinor Ψk. The six 12× 12 vertices
are given in Appendix D.
ΥΦEMi,µ Vertex describing the coupling between the orbital loop-current order parameter Φ
µ
EMi
and the electronic states described by the extended spinor Ψk. The six 12× 12 vertices
are given in Appendix D.
Appendix B: Classification of SDW orders parameters involving dxy orbitals
Table VIII shows how xy intra-orbital SDW order parameters transform according to the irreducible representations
EMi :
(
E+Mi, E
−
Mi
)
. Comparison with Table I in the main text shows that, for a given magnetic order parameter with
ordering vector Qi and moment direction mα, the same types of OLC order are induced, regardless of whether the
intra-orbital SDW arises from xz/yz or xy orbitals.
Table VIII. Possible spin density-wave orders containing elec-
tronic xy-orbital states and the corresponding OLC orders .
intra-orbital
spin order
orbital loop
current order
irrep of
P4/nmm
space group
field orbital
and spin
comp.
field orbital
composition
(
E+M1
E−M1
) (
myQ2
mxQ1
) (
xy, σy
xy, σx
) (
φ
(yz,xy)
Q1
φ
(xz,xy)
Q2
) (
yz, xy
xz, xy
)
(
E+M2
E−M2
) (
mxQ2
myQ1
) (
xy, σx
xy, σy
) (
φ
(xz,xy)
Q1
φ
(yz,xy)
Q2
) (
xz, xy
yz, xy
)
(
E+M3
E−M3
) (
mzQ1
mzQ2
) (
xy, σz
xy, σz
) (
φ
(xz,yz)
Q1
φ
(yz,xz)
Q2
) (
xz, yz
yz, xz
)
(
E+M4
E−M4
)
- -
(
φ
(xy,xy)
Q1
φ
(xy,xy)
Q2
) (
xy, xy
xy, xy
)
Appendix C: Orbital dispersion relations
Here we give explicit expressions for the electronic dispersion relations introduced in Eq. 5:
Γk =
(
Γ + 2
k2
2mΓ
+ b
(
k2x − k2y
)
4ckxky
4ckxky Γ + 2
k2
2mΓ
− b (k2x − k2y)
)
,
Xk =
(
1 + 2
k2
2m1
+ a1
(
k2x − k2y
) −iv(k)
iv(k) 3 + 2
k2
2m3
+ a3
(
k2x − k2y
)) ,
Yk = 
X
k
∣∣
kx→ky,ky→−kx
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with v(k) = 2vky + 2p1ky
(
k2y + 3k
2
x
) − 2p2ky (k2x − k2y). The parameters Γ,mΓ, b, c for the dispersion at Γ and
1,m1, a1, 3,m3, a3, v, p1, p2 at the X and Y points can be found in Ref. [15].
Appendix D: Vertex functions
The vertices introduced in Eqs. 21 and 22 for different orders are derived from their orbital and spin composition
as stated in Table I. They are represented as matrices in enlarged orbital space Ψ = (ψΓ, ψX , ψY )
T and are given by
• EM1:
ΥMEM1,+ = −
 0 0 τ−σy0 0 0
τ+σy 0 0
 , ΥΦEM1,+ =
 0 iτ+σ0 0−iτ−σ0 0 0
0 0 0

ΥMEM1,− =
 0 τ↑σx 0τ↑σx 0 0
0 0 0
 , ΥΦEM1,− =
 0 0 −iτ↓σ00 0 0
iτ↓σ0 0 0

• EM2:
ΥMEM2,+ = −
 0 0 τ−σx0 0 0
τ+σx 0 0
 , ΥΦEM2,+ =
 0 −iτ↓σ0 0iτ↓σ0 0 0
0 0 0

ΥMEM2,− =
 0 τ↑σy 0τ↑σy 0 0
0 0 0
 , ΥΦEM2,− =
 0 0 iτ+σ00 0 0
−iτ−σ0 0 0

• EM3:
ΥMEM3,+ =
 0 τ↑σz 0τ↑σz 0 0
0 0 0
 , ΥΦEM3,+ =
 0 −iτ−σ0 0iτ+σ0 0 0
0 0 0

ΥMEM3,− = −
 0 0 τ−σz0 0 0
τ+σz 0 0
 , ΥΦEM3,− =
 0 0 iτ↑σ00 0 0
−iτ↑σ0 0 0

with
τ↑ =
(
1 0
0 0
)
, τ↓ =
(
0 0
0 1
)
,
τ+ =
(
0 1
0 0
)
, τ− =
(
0 0
1 0
)
acting in orbital doublet space and σi acting in spin space.
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